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Introduction

Quantumobjectslik e photonsor neutronsacquiredynamical
phaseshifts uponpropagatiorin rotatingframesthat canbe
measuredn interferometryor diffraction experiments. The
occurenc®f suchinterferencesffectsrequireghetransittime
of the particlethroughthe systemto be sufficiently long for
the phaseshifts to evolve. This condition can be fulfilled,
for example,if a resonancavith an enegy width Ty is ex-
citedin the system.The propagatiorof radiationis thenaf-
fectedby resonaniscatteringprocesseshat take placeon a
time scalegivenby 7 = h/T. If the resonanceés excited
by aradiationpulsethatis shortcomparedo 7, acollectively
excited state(exciton) is createdwherea singleexcitationis
coherenthydistributedover the atomsof the sample.The co-
herencdeadsto remarkablgoropertiesof the exciton decay
notablythespeedupf theradiative decaycomparedo thatof
anisolatedatom,andquantumbeatsresultingfrom interfer
enceof wavesemittedfrom differentresonanceat different
atoms. The analysisof the temporalevolution of the subse-
guentradiative decayprovidesvaluableinformationaboutthe
ervironmentof theatomsin the sample.Therefore this type
of time-resohed spectroscop hasgeneratedeveral applica-
tions in condensednatterphysics,involving electronicand
nuclearresonance$l,?]. In this contribution, we describe
aneffectthatarisesdueto the evolution of dynamicalphases
uponnuclear resonant scattering in rotatingframes.

Theory

Coherentresonangxcitation of an ensembleof nucleiby x-
raysleadsto a boundstatebetweerthe nucleiandthe elec-
tromagneticfield, thatis often referredto as’nuclear exci-
ton’. An interestingsituationariseswhenanuclearexcitonis
createdn a rotatingsample.If the collective phasingof the
nucleiin the sampleis presered during the lifetime of the
exciton, the exiton stateis rotatedwith the sample. Conse-
quently the wavevector of the radiative decayE(t) deviates
from EO by therotationanglep thathasdevelopedduringthe
time t after excitation. As aresult,the time spectrumof the
nucleardecayis mappedo an angularscale,assketchedin
fig.1. Thetime evolution of the exciton wavevectorcanbe

describeddy the precessiorequation % = ( x k. With the
initial conditionk(0) = ko, the solutionis:
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For theexperimentto bediscussedt is agoodapproximation

to terminatethis seriesafter the first-orderterm. The wave

resonantlyscatteredrom the rotating sampleis then given
by: .

7] Ao (2) (2)
where Ay(t) is the time responsdrom the sampleat rest

which canbe calculatedwithin theframework of nucleamres-
onantforwardscattering NFS)[3].

A(7,t) = expli (Fo — ko x 1) -

Figurel: Scatteringgeometryof nuclearresonanscattering
atasamplerotatingwith angularvelocityﬁ. Thecollectively

excitednuclearstate(nuclearexciton)is carriedwith thesam-
ple sothatthetime spectrunof theradiatve nucleardecayis

mappedo anangularscale[4].

Eq.2 describesa wave that propagatesn the direction of
E(t) = kg — ko x {1¢. The mappingto an angularscaleis
describednostcornvenientlyby a one-dimensionatransfor
mationof eq.2 into reciprocalspace.Assumingfully coher
entillumination, which is a good approximationunderthe
presentexperimentalconditions,the time responses given
by A(q,t) = Ay(t) 6( — ko x (£). Expressinghemomen-
tum transferthroughq = kq ¢, integrationover time ¢ then
yields the scatteredntensity asa function of spatialcoordi-
nateonly:

I(p) = [ Ao (/) ®3)

Thismeanghattheanguladistribution of thescatteredadia-
tion canbedescribedy thetheoryof NFSusingthemapping
t = /. Dueto the apparentinalogywith a sweepingay
of light, this effect hasbeentermedthe Nuclear Lighthouse
Effect. It wasrecentlyobsenredin nuclearesonanscattering
from the 14.4keV resonancef >"Fe[4].



Experiment

For anexperimentatestof this prediction,we have employed
nuclearresonanscatteringatthe 14.4keV resonancef >’ Fe
with alevel width of I’y = 4.7 neV andallifetime of = = 141
ns. To obtainan angularseparatiorof 0.1 mradfor events
that are separatedy 1 ns, rotationalspeedsn the order of
10kHz arenecessarySuchhigh-speedotarymotionis com-
monly usedin themagic-angle-spinningVIAS) techniqueof
solid-stateNMR with frequenciesipto 35kHz.

The experimentwas performedat the undulatorbeamline3-
ID at the AdvancedPhotonSource. The experimentalsetup
is shavn schematicallyn fig. 2.

rotor .

detector
SFe-foil

eat-load

monochromator

Figure 2: Schemeof the experimentalsetup[4]. The scat-
teredradiationfrom the rotor was guidedthroughan evacu-
atedflight tubeto the detector The coordinategeferto the
sameframeasintroducedn fig. 1. In thebottomright across
sectionalview of the scatteringattherotoris shown.

A slit systemright after the heat-loadmonochromatorvas
adjustedo definea beamcrosssectionof 500x 30pm? (hor-
izontal x vertical),resultingin atypicalflux of 2-10'° s~* on
the sample. For samplerotation, a commerciallyavailable
NMR - MAS systemwas used(Bruker Analytical GmbH,
Germayy), slightly modifiedfor x-ray transmissionSamples
werecontainedn hollow cylinders(4 mm diametey0.5mm
wall thickness)consistingof sinteredpolycrystallineSisNy.
In this experiment the samplesvere spunarounda horizon-
tal axiswith arotationalfrequeng of 18 kHz, corresponding
to an angularvelocity of 0.11 mrad/ns. After transmission
throughtherotor, the beamwasguidedthroughanevacuated
flight tubeto minimize small-anglescatteringn air.

Results and Discussion

Theanguladistributionof thescatteredadiationwasrecorded
up to a scatteringangleof 10 mrad relative to the primary
beam,shown in fig. 3. Quantumbeatsof nuclearresonant
scatteringare clearly visible on top of a backgrounddotted
line) thatmainly resultsfrom small-anglescatteringatthero-
tor material. The insetin fig. 3 showvs the dataafter back-
ground subtraction. The solid line is a theoreticalfit with
the theoryof NFSfor a 5.7 u thick Fefoil. This evaluation
confirmsthat the time responsef nuclearresonantscatter
ing in rotatingframesis mappedo an angularscaleaccord-
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Figure 3: Measuredangulardistribution of 14.4 keV pho-
tonsscatteredrom a’5.7 um thick foil of 37 Fespinningat18
kHz [4]. Theresonantlyscatteredjuantaappeaiontop of the
small-angle-scatteringackgrouncthat was measurednde-
pendentlyandfitted with a powerlaw (dottedline). Theinset
shownsthe backgroundsubtracted-dateith afit accordingto
eg.3 (solidline)

ing to eq.3. The NuclearLighthouseEffect thus allows to
obtaintime spectraof nuclearresonantscatteringby purely
geometricalmeans. The temporalevolution of nuclearres-
onantscatteringcanbe corvenientlyrecordedasfunction of
a spatial coordinateonly, e.g., with an imageplate. Since
the magnitudeof the angulardeflectiondependsonly on the
time differencebetweerexcitationandreemissionthis effect
is independentf thetime structureof the exciting radiation.
As a result, this effect can be exploited in caseswherethe
corventionaltiming techniqueis difficult, or impossible,to

apply. For example timeresolutionscanbe achiesedthatare
not possiblewith existing x-ray detectorsand not even lim-

ited by the electronbunchlength.
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